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ABSTRACT: Traditional electronic devices are composed of rigid materials and
components that tend to be unsuitable for soft robotic and stretchable electronic
applications, such as wearable or continuous pressure sensing. However, deformable
materials have the potential to improve upon traditional devices through enhanced sensitivity
and responsiveness, better conformability and biocompatibility at the human−machine
interface, and greater durability. This work presents deformable composite materials
composed of the gallium−indium−tin alloy galinstan (GaInSn) that combines the
conductivity of a metal and the intrinsic deformability of a liquid. Dispersing galinstan in
an elastomer allows for the formation of deformable dielectric materials that have tunable
mechanical and electrical behavior, for example, modulus and relative permittivity. Galinstan
composites have been shown previously to have a minimal modulus impact on the elastomer
but concurrently achieve impressive dielectric performance. However, galinstan dispersions
can be costly and face challenges of mechanical and electrical reliability. Thereby, this work
investigates multimaterial composites composed of galinstan and a rigid filler, either iron or
barium titanate, with respect to morphology, mechanical behavior, dielectric behavior, and pressure sensing performance for the
purpose of achieving a balance between a low modulus and superior electrical performance. By combining galinstan and rigid fillers,
it was found that the mechanical and electrical properties, such as modulus, permittivity, loss behavior, sensitivity, and linearity of the
multimaterial composites can be improved by tuning filler formulation. This suggests that these dielectric materials can be used for
sensing applications that can be precisely calibrated to specific material properties and the needs of the user. These deformable
multimaterial composites, found to be stretchable and highly responsive in sensing applications, will expand the current mechanical
abilities of deformable dielectric materials to improve soft robotic and stretchable electronic devices.

KEYWORDS: liquid metal, dielectric permittivity, microcapacitor, deformable electronics, multimaterial composite,
capacitive pressure sensing

1. INTRODUCTION

Current electronic devices can oftentimes be rigid and bulky
and have limited lifetimes, making them nonideal for
applications that require device flexibility and longevity. To
overcome these shortcomings, the field of stretchable
electronics has emerged as an exciting alternative that
combines deformable mechanical behavior with high perform-
ing technology to expand the current capabilities and
applications of electronics. Soft and stretchable polymers
(elastomers), such as polydimethylsiloxane (PDMS), are
utilized as a common method to increase the mechanical
robustness of electronics through stretchability, deformability,
and conformability for such material applications.1−4 However,
elastomers typically exhibit poor electrical behavior that fall
short of the required performance needed to match or improve
on current electronics.5−8 To improve elastomer electrical
behavior, filler materials such as barium titanate9−11 (BaTiO3)
and iron12−14 have shown promising results in improving
dielectric behavior, conductivity, and magnetization, respec-
tively.

Composite materials that primarily rely on solid metallic or
ceramic fillers to contribute the majority of the electrical
performance, however, result in rigid and brittle composites
that crack easily.15,16 This behavior can be attributed to the
modulus mismatch between the solid, rigid filler and the
polymer matrix of the composite, which is clearly demon-
strated by an increase in modulus as the concentration of rigid
filler increases.15−17 Additionally, mechanical behavior erodes
as the composite approaches the maximum packing fraction,
which is coupled to further degradation of the electrical
properties of the composite.16−18 Limitations such as these
pose challenges for composite materials that rely solely on
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solid metallic materials to achieve the needed electrical
performance.
An alternative to utilizing rigid materials for stretchable

electronic composites is gallium-based liquid metal alloys.
These liquid metals, specifically the gallium-indium-tin alloy
galinstan (GaInSn), are deformable, conductive fluids that can
maintain their intrinsic electrical behavior, while undergoing
deformation, which makes galinstan ideal for stretchable
electronics and pressure sensing applications.19−24 When
dispersed into a polymer, the conductive bulk galinstan
forms noncontinuous droplets within the polymer matrix,
forming an insulating composite ideal for use as dielectric
material in applications as pressure sensing.25 Galinstan
dispersions are beneficial compared to solid metallic materials
due to a reduced impact on the bulk composite stiffness,
elevated maximum loadings as compared to solid alternatives,
and improved electrical performance during deformation.26

While work has been done by adding rigid filler particles into
galinstan itself,27,28 little work, however, has been done trying
to combine the benefits of the deformable liquid metal and
high-performance rigid fillers into a polymer to take advantage
of the best of both in a polymer composite. Specifically,
multimaterial dispersions that decrease the amount of galinstan
necessary to achieve both the desirable mechanical and
electrical behavior.
Other published work on multimaterial dispersions has

focused on solid materials and dispersion applications to
achieve increased dielectric constants through functionaliza-
tion,29 composites for elastomer actuators,30 and for hybrid
elastomer gate dielectrics.11 Alternatively, this work proposes
multimaterial dispersions in PDMS composed of galinstan and
either iron or barium titanate, which have not been previously
studied. This novel blend of rigid, electrically active filler
(either capacitive or conductive) enables composites with a
previously unachievable balance of high electrical performance
(i.e., high permittivity and ideal capacitive behavior) and
mechanical performance (a modulus as close to the neat
polymer as possible). The study that will be discussed here
analyzes the fundamental components of mechanical deforma-
tion and capacitive output to detail how effects of the novel
rigid/soft material blend. Iron was chosen because of its
accessibility, high conductivity, and its potential usefulness for
magnetic applications, while, on the other hand, barium
titanate was chosen because of being a dielectric ceramic
capable of dielectric constant values as high as 5000.10

Through the addition of limited concentrations iron or barium
titanate to galinstan dispersions, the multimaterial dispersions
are expected to improve upon the electrical performance of
galinstan-only dispersions by balancing the performance
enhancement from the solid fillers, while still maintaining the
desired stretchable mechanical behavior and to be useful for
pressure sensing applications.
In this work, the morphology, deformation behavior, and

electrical characteristics of galinstan-only, galinstan−iron, and
galinstan−barium titanate multimaterial composites were
analyzed to determine the result of combined rigid-liquid
fillers. First, the multimaterial composites were interrogated
mechanically with respect to their fluid properties and
responses to torsional, tensile, and compressive deformation.
The electrical behavior of the multimaterial composites was
then investigated with respect to relative permittivity and phase
angle, as well as resistance and impedance, as shown in
Supporting Information. Lastly, their performance as a pressure

sensor was evaluated by utilizing the analyzed fundamental
mechanical and electrical behavior of these composites. The
results of this work will allow for the evaluation of novel liquid
metal multimaterial dispersions for use in sensing and an
increased understanding of how to improve upon dielectric
and stretchable electronic materials in order to potentially
reduce the required amount of galinstan, increase the quality of
the dielectric material, and decrease composite costs.

2. EXPERIMENTAL SECTION
2.1. Materials. Galinstan was purchased from RotoMetals (San

Leandro, CA). Galinstan was used as purchased at a concentration of
68.5% Ga, 21.5% In, and 10% Sn. PDMS was purchased from Gelest,
Inc. (Morrisville, PA). Molecular weights of vinyl-terminated PDMS
and trimethyl-terminated PDMS were 62,700 g/mol (DMS-V41, 1 ×
104 cSt) and 1250 g/mol (DMS-T11, 10 cSt), respectively.
Commercial conductive iron powder (cubic crystal structure)
consisted of irregularly shaped particles characterized through
scanning electron microscopy (SEM) and X-ray diffraction (XRD)
as shown in Supporting Information. Barium titanate (BaTiO3, BTO)
was purchased from Sigma-Aldrich (St. Louis, MO) and used as
received. BTO (cubic crystal structure) was also characterized
through SEM and XRD and consisted of roughly spherical shaped
particles with a cubic crystal structure, the results of which can be
found in Supporting Information. Composites were cured through
mixing with a 800 ppm platinum−cyclovinylmethylsiloxane complex
catalyst and tetrakis(dimethylsiloxy)silane cross-linker. The catalyst
and cross-linker were also purchased from Gelest, Inc.

2.2. Forming Composites. All composites were formed using a
1:1 vol/vol blend of the vinyl-terminated (V41) and the trimethyl-
terminated PDMS (T11). Composites were made with 0, 10, or 30
vol % of galinstan and 10, 20, or 30 vol % of the rigid filler (BTO or
Fe). All composites were mixed using a Caframo (Ontario, Canada)
High Torque Overhead Stirrer at 1800 rpm for 2 h. Two methods of
composite preparation were used. For the first method (referred to
herein as FM1), all components were added simultaneously and
mixed as described previously. This was done for all BTO composites
and for one set of Fe composites. The second method of preparation
(referred to herein as FM2) involved first mixing the galinstan and
PDMS blend for 1 h and 50 min at 1800 rpm, adding Fe to the blend,
and subsequently mixing for another 10 min at 1800 rpm. Samples to
be cured were subsequently blended with the catalyst and cross-linker,
poured into Teflon molds, and kept at 82 °C for 72 h. During
fabrication of all composites, the two materials, galinstan and either
barium titanate or iron, were not intentionally alloyed together but
rather were added into PDMS to form a composite as two discrete
entities. No macroscopic phase separation or filler aggregation was
observed between composite mixing and curing. All samples were
made and tested in triplicate. All cured samples were free-standing
and showed no change in morphology, either through filler settling or
aggregation, during the time period of these experiments.

2.3. Mechanical Characterization. Composites were charac-
terized in their cured state. The cured samples were characterized for
their compressive, tensile, and torsional modulus. The composite
torsional storage and loss modulus (G′ and G″) were measured on the
TA Instruments DHR-2 rheometer using a torsion rectangular fixture
at 25 °C. Composite tensile modulus was measured on an Instron
(Norwood, MA) Universal Mechanical Testing (UMT) apparatus
using a 10 N load cell and rubber-faced grips. Composite compressive
modulus was also measured on the Instron UMT using a 50 kN load
cell and 2 in. diameter steel pressure platens. During the duration of
these experiments, no hysteresis was observed.

2.4. Electrical Characterization. Composites were interrogated
electrically (impedance, capacitance, dielectric loss, and phase angle: |
Z|, Cp, D, θ) using a Keysight (Santa Rosa, CA) E4990A Impedance
Analyzer with the 16451B Dielectric Test Fixture at frequencies from
500 Hz to 5 MHz. Capacitance and phase angle values were of
primary importance to the work here. Resistance and impedance
values can be found in Figures S3 and S4, respectively. Composite
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samples were characterized only in the cured state. Composites were
tested with thicknesses of 1 and 0.5 mm to remove error relating to
the relative sizes of the filler as compared to the cured composite.
2.5. Microscopy Energy-Dispersive Spectrometry. Elemental

analysis was performed using SEM and energy-dispersive X-ray
spectroscopy (EDS) on cured composites of 30 vol % iron and barium
titanate, respectively, for both 10 and 30 vol % galinstan using the
Apreo FE-SEM of the Alabama Analytical Research Center (AARC)
at The University of Alabama. The operating conditions were 20 kV
accelerating voltage and 6.3 pA beam current.
2.6. Pressure Sensing. Cured composites were measured for

pressure sensing through simultaneous electrical and compressive
interrogation. Composites, 2 in. in diameter and 0.25 cm thick, were
compressed at 0.13 mm/min on the Instron UMT, while being
interrogated with the Keysight Impedance Analyzer. Two thin copper
plates on either side of the composites were utilized as the parallel
plates of a capacitive sensor in order to measure the electrical behavior
during the compressive deformation. A scan of |Z|, Cp, D, and θ from
1 to 100 kHz was performed roughly five times per second. The
electrical measurements were controlled automatically through a
MATLAB script. Reported pressure sensitivity is taken from the linear
regime of compressive force versus strain.

3. RESULTS AND DISCUSSION
3.1. Multimaterial Composite Morphology. Multi-

material composite morphology is essential to providing
insights into the composite mechanical and electrical behavior
to further understand the intended material applications.
Unlike the rigid BTO and Fe (size and shape shown in Figure
S2), the size and shape of the galinstan particles are dependent
upon many factors, including viscosity of the galinstan
dispersion, overall filler concentration, and amount of
galinstan, as thoroughly investigated by Koh et al. where
they detailed how these factors affect the “control group” in
this paper of neat galinstan dispersions.26 Additionally, with
respect to the morphology behavior of the neat galinstan
dispersions, it is known that the fluid shape of liquid fillers
tends toward spherical particles; however, as more filler is
added, the particles alter shape and jam together due to the
packing of a liquid, which is known for a fluid emulsion,
specifically the packing of high internal phase emulsions.31−33

This behavior is observed for galinstan in the morphology of
the multimaterial composites, but it is made more complex as
the overall dispersion viscosity is also a function of the viscosity
of the continuous phase and the galinstan/filler concentration.
The morphologies of the 10BTO and 30BTO composites with
10GaInSn and 30GaInSn is shown in Figure 1. For the
10GaInSn BTO composites, the galinstan droplets appear
similar in size to the barium titanate. For the 30GaInSn BTO
composites, the galinstan droplets have a variety of sizes from
those similar to that of barium titanate up to approximately
20× the size of the rigid filler, which demonstrates the
polydispersity of galinstan dispersions that has been observed
in a previous work.26 This polydispersity may be due to
inhomogeneous distribution of shear forces throughout the
sample and is likely due to interaction between galinstan and
barium titanate. Generally, the droplet size of galinstan
decreases through shear mixing, but barium titanate particles
may block the shear force from and cause increased galinstan
polydispersity. It is not expected that additional mixing energy
would improve the polydispersity as the dispersion was mixed
for 2 h and is expected to have reached equilibrium.
The morphologies of the 10Fe and 30Fe composites with

10GaInSn or 30GaInSn for FM1 and FM2 are shown in Figure
2. For FM1, the iron and galinstan appear to be aggregated,

such that the iron particles are “coated” with galinstan droplets.
The galinstan droplets in 10GaInSn 30Fe−FM1 composites
appear overall smaller and more aggregated than in the
30GaInSn 30Fe−FM1. The smaller droplet size at 10GaInSn

Figure 1. Morphology of the barium titanate composites. Row 1:
10BTO 10GaInSn and 10BTO 30GaInSn. Row 2: 30BTO 10GaInSn
and 30BTO 30GaInSn. (from left to right) Scale bar size is 20 μm.

Figure 2. Morphology of the FM1 and FM2 iron composites. Row 1:
10Fe 10GaInSn−FM1 and 10Fe 30GaInSn−FM1. Row 2: 10Fe
10GaInSn−FM2 and 10Fe 30GaInSn−FM2. (from left to right) Row
3: 30Fe 10GaInSn−FM1 and 30Fe 30GaInSn−FM1. Row 4: 30Fe
10GaInSn−FM2 and 30Fe 30GaInSn−FM2. (from left to right) Scale
bar size is 50 μm.
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than at 30GaInSn is most likely due to the iron blocking or
impeding shear forces similar to what was observed for the
barium titanate dispersions. 10Fe−FM1 composites appear to
have similar galinstan droplet sizes at both 10GaInSn and
30GaInSn, which is expected, as a lower concentration of iron
will hamper the distribution of shear throughout the sample
less. Overall morphological observations for FM1 suggest that
the iron has a dominant impact on the galinstan during the
fabrication process, resulting in unexpected galinstan droplet
conformation.
For FM2, iron and galinstan droplets appear to be discrete

and less aggregated compared to FM1. The galinstan droplets
for 30GaInSn 30Fe−FM2 appear smaller than 10GaInSn
30Fe−FM2, while for the 10Fe−FM2 composites, the
galinstan droplets appear to be similar at both 10GaInSn and
30GaInSn. This may be due to 30GaInSn 30Fe−FM2 having
an overall higher packing concentration resulting in a higher
viscosity that leads to smaller galinstan droplet sizes, a trend
which has been demonstrated previously.26 This is different
from the FM1 behavior. The differences in the morphology
between FM1 and FM2 are likely due to a difference in the
amount of time the iron and galinstan are mixed together to
form the final composite, as detailed previously where iron and
galinstan are mixed together for the full 2 h for FM1
composites but only mixed together for the last 10 min for
FM2 composites. This is reflected in the fact that Fe−FM1 and
barium titanate have a similar morphological behavior, which is
different from Fe−FM2. All three components (PDMS,
galinstan, and rigid filler) of Fe−FM1 and barium titanate
composites are mixed together for the full 2 h, thus leading to
greater interaction and longer time for the rigid filler to disrupt
the rupturing of the galinstan droplets. This leads to the
generation of more interface between the galinstan and rigid
filler, in addition to the galinstan−PDMS and rigid filler−
PDMS interfaces, resulting in greater likelihood for wetting,
adsorption, and aggregation. For Fe−FM2, iron has a reduced
influence on the galinstan due to a shorter mixing time (10
min) and is less of an impediment to the shear forces on the
galinstan. Reduced mixing time and contact time, particularly
with the preruptured galinstan droplets, also results in less
interaction at the galinstan−iron interface and less aggregation.

3.2. Multimaterial Composite Response to Torsional
Deformation. Many potential applications of the galinstan
multimaterial composites apply torsional strain (i.e., bending
and twisting) on the material, such as energy harvesting
wearable devices,34,35 curvature sensors,22 and biosensors.36 To
evaluate these composites for these specific composite material
applications, the torsion storage modulus was measured at 1
Hz and 0.1% strain, shown in Figure 3. The torsion behavior of
the barium titanate composites with 0, 10, and 30 vol %
galinstan is shown in Figure 3a. Increasing the amount of
barium titanate increases the storage modulus, which agrees
with what has previously been seen in literature for solid
fillers.15,16 For 10BTO and 20BTO composites, increasing the
galinstan concentration from 0GaInSn to 10GaInSn has a
negligible impact on the storage modulus. For 30BTO,
increasing galinstan concentration to 10GaInSn, however, did
increase the storage modulus by 1.5×. Further increasing the
galinstan concentration to 30GaInSn caused a significant
increase in the storage modulus of 1.9× for 10BTO and a
greater increase of 4.1× for 30BTO. The reason for the
observed torsion behavior is likely due to a combination of the
native stiffness of the barium titanate composite and an upper
packing threshold, after which adding galinstan increases the
storage modulus. Below 30 vol % of the total filler, there is little
impact of adding filler to the system. However, the storage
modulus increases when increasing the composite formulation
by adding galinstan beyond 30 vol % of the total filler, which
appears to be a system-specific packing threshold. The greatest
impact of the increasing filler content past this threshold is
observed at 60 vol % total filler (30BTO 30GaInSn).
The torsion behavior of the iron composites with 0, 10, and

30 vol % galinstan is shown in Figure 3b. Similar to the barium
titanate composites, the torsion modulus of iron composites
increased with the increasing concentration of iron. For FM1,
adding 10GaInSn for 10Fe and 20Fe composites had little to
no impact on the storage modulus, which was also observed in
the barium titanate composites. When increasing to 30GaInSn
for 10Fe and 20Fe composites, however, the storage modulus
was approximately double that of 0GaInSn and 10GaInSn.
Unlike the lower concentrations of iron, for 30Fe composites,
increasing the amount of galinstan from 0GaInSn to 10GaInSn

Figure 3. Torsion modulus behavior of the multimaterial composites at varying concentrations of (a) barium titanate and (b) iron with 0, 10, and
30 vol % of galinstan taken at 1 Hz and 0.1% strain.
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decreased the torsion modulus, while the subsequent addition
of galinstan to 30GaInSn had little effect. One possible reason
for this decrease in modulus is a “lubricating” effect between
iron particles originating from the liquid metal droplets that
“coat” the iron particles. The aggregation, seen in SEM,
reduces interparticle friction. For FM2, it was seen that for
10Fe, increasing the amount of galinstan to 10GaInSn initially
shows a 3.3× decrease in the storage modulus, but a further
increase of galinstan to 30GaInSn returns the storage modulus
similar to the neat 10Fe composite. A different trend is seen at
30Fe−FM2 in which increasing the amount of galinstan
consistently increases the storage modulus, although the
increase is slight (1.3× and 1.4× increase for 10GaInSn and
30GaInSn, respectively, higher than neat 30Fe). This is likely
due to reaching a packing threshold with FM2 that results in a
continued increase in storage modulus, despite utilizing
galinstan for packing concentrations past 30Fe.
It was also seen that increasing the amount of iron for FM2

has a greater impact on the storage modulus than FM1. The
reason behind these observations may lie in the morphology
difference between FM1 (aggregation of the galinstan and
iron) and FM2 (discrete separation of the iron and galinstan),
as seen in SEM. Based on these morphological differences, the
reason FM2 has a higher storage modulus with the increasing
galinstan concentration is expected to be because there is no
lubricating effect seen with FM1, as there is less aggregation of
the liquid metal and iron particles together. Therefore, the
galinstan is predicted to move independently of the iron
particles, resulting in a “jamming” of the particles and
contribution to the increase in storage modulus.
Additionally, the torsion modulus of a 10BTO 10GaInSn

composite is 3.3 times lower than that of a 20BTO composite,
and a 20BTO 10GaInSn composite is 2.2 times lower than that
of a 30BTO composite. Similarly, the torsion modulus of a
10Fe 10GaInSn composite is 3.4 and 10.8 times lower for FM1
and FM2, respectively, than that of a 20Fe composite, and a
20Fe 10GaInSn−FM1 composite is 7.2 times lower than that
of a 30Fe composite. This demonstrates that the effect of
galinstan replacing some solid filler actually lowers the storage
modulus of the material despite the total composite having the
same amount of the filler as a neat rigid filler composite. While

galinstan is a liquid at room temperature, a previous work has
demonstrated that galinstan cannot be treated as a standard
liquid filler as it is not expected to depress the bulk material
modulus when used on its own.26 As such, the torsion modulus
behavior described here is unique to multimaterial composites
because the galinstan in the multimaterial composites acts
more like a liquid filler by decreasing the torsion modulus of
the neat rigid filler when used to replace a part of the total
amount of the filler.

3.3. Multimaterial Composite Response to Tensile
Deformation. Tensile strain, as described by the tensile
modulus, is common to stretchable electronic material
applications such as stretchable batteries,37 device intercon-
nects, composite fibers, and electrodes38 in addition to
physiological sensors.36,39,40 The tensile modulus of the barium
titanate composites with galinstan concentrations of 0, 10, and
30 vol % is shown in Figure 4a. For barium titanate
composites, there was little to no impact on the tensile
modulus when increasing galinstan concentration from
0GaInSn to 10GaInSn. However, further increasing to
30GaInSn resulted in a negligible change in tensile modulus
for 10BTO and an increase in the tensile modulus of 1.6× and
2.1× for 20BTO and 30BTO, respectively. The reasoning
behind this observed tensile behavior is similar to that of the
observed torsion behavior, in that it is likely a result of both the
native stiffness of the neat barium titanate composite and
reaching an upper packing threshold results in restricted
polymer deformation and an increase in tensile modulus. The
large, expected increase in tensile modulus from galinstan is
not observed here.25 This is notable as it would be expected
that the tensile modulus of a BTO−GaInSn dispersion would
greatly increase with the increasing filler concentration because
individually, as both galinstan25 and barium titanate concen-
trations increase, the tensile modulus increases. For the iron
composites, the tensile modulus of both methods of fabrication
was tested and compared (Figure 4b). For 10Fe−FM1 and
30Fe−FM1, increasing the amount of galinstan had little
impact on the rigidity of the multimaterial composite. These
observations are substantially different for Fe−FM2 compo-
sites. Using FM2, increasing the galinstan concentration from
0GaInSn to 10GaInSn decreases the tensile modulus of the

Figure 4. Tensile behavior of the multimaterial composites at varying concentrations of (a) barium titanate and (b) iron with 0, 10, and 30 vol % of
galinstan.
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material by 3.0× and 3.5× for 10Fe and 30Fe, respectively.
However, the tensile modulus increases by 4.3× and 6.5× for
10Fe and 30Fe, respectively, upon further increase in galinstan
concentration from 10GaInSn to 30GaInSn.
Based on Figure 4, it is clear that modulus of the material is

not solely a function of rigid filler or galinstan concentration.
Other factors such as rigid filler size/shape, galinstan droplet
size, filler/galinstan aggregation, and the interface between the
fillers and PDMS as well as the fillers and galinstan (i.e.,
wetting) must also factor into the final tensile properties. For
example, the tensile modulus decreases and then increases in
iron composites with 10GaInSn and 30GaInSn, respectively,
for FM2, which could be due in part to the elongation of
galinstan in the cured PDMS “pockets”. For FM2, galinstan
and iron are discrete, and therefore, the galinstan deforms
independently of the iron. At the lower concentration of
galinstan (10GaInSn), the material demonstrates a lowered
tensile modulus as the galinstan deforms in the cured “pockets”
with the PDMS. However, with the increasing galinstan
concentration to 30GaInSn, the galinstan concentration
reaches a system-specific-packing threshold that results in an
increased tensile modulus due to “jamming” of the elongated
pockets of galinstan with the iron particles. Increasing the filler
concentration, both of galinstan and iron, appears to have a
larger impact on tensile modulus for FM2 than for FM1. The
reason for the observed fabrication method dependence of the
iron composite tensile modulus is likely due to the composite
morphology. The iron and galinstan of FM1, as seen in SEM,
are more aggregated than that of FM2 resulting in iron
particles “coated” with liquid metal droplets. As a result,
mechanical behavior of FM1 composites is solely dependent
on the close proximity of the iron particles as a direct stress
transfer from PDMS to iron is expected due to good PDMS/
galinstan and galinstan/iron wetting. The tensile properties of
FM2 composites, however, are due to a blend of the
deformation of iron and galinstan independently.
In general, tensile modulus of the multimaterial composites

was lower than the torsion modulus, which may be due to the
effect that the type of deformation has on the filler particles,
particularly galinstan. Galinstan, which is fluid, is locked into
cured “pockets” in the PDMS. During torsional strain, a

twisting motion is applied to the cured multimaterial
composites. This torsional motion results in little to no
deformation of the rigid particles and galinstan as the fillers are
inside cured PDMS “pockets”, and the majority of the
deformation occurs in the bulk polymer. Increasing the
concentration of the filler, however, causes “jamming” of the
particles, which restricts the PDMS torsional deformation and
leads to a higher modulus and stiffer material. Tensile testing,
however, subjects the cured multimaterial composites to a
different type of deformation, stretching through tensile strain.
The stretching of the composites results in the elongation of
the composite. The cured PDMS “pockets” of the galinstan in
the multimaterial composites are elongated as it is stretched
(rigid filler remains undeformed under tension). As galinstan is
a liquid, it is expected that it will deform with the PDMS
component of the multimaterial composite under tensile strain.

3.4. Multimaterial Composite Response to Compres-
sive Deformation. Understanding how the multimaterial
composites behave under compression is imperative as one of
their primary material applications is for pressure sensing,
which has been previously investigated using microchannels of
liquid metal in a substrate24,38 and dispersions of materials like
carbon black or carbon nanotubes for capacitive pressure
sensing.41,42 The compressive modulus of the barium titanate
composites with 0, 10, and 30 vol % galinstan is shown in
Figure 5a. The impact of the increasing galinstan concentration
differed based on barium titanate concentration. For 0GaInSn,
when increasing the barium titanate concentration from
10BTO to 30BTO, there was a 1.6× decrease in compressive
modulus. However, for 10GaInSn, there was little to no impact
on the compressive modulus when increasing the barium
titanate concentration from 10BTO to 30BTO. For 30GaInSn,
there was a 2.4× decrease in compressive modulus from
10BTO to 20BTO that was recovered when the barium
titanate concentration was further increased to 30BTO. One
possible explanation for this compressive modulus behavior is
poor wetting between the PDMS and barium titanate that is
more prominent during compressive deformation. Poor
wetting behavior leads to greater slip at the BTO/PDMS
interface, which reduces the compressive modulus and results

Figure 5. Compression behavior of the multimaterial composites at varying concentrations of (a) barium titanate and (b) iron with 0, 10, and 30
vol % of galinstan.
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in the further reduction of compressive modulus with the
increasing barium titanate concentration.43

For the iron composites shown in Figure 5b, there was an
increase in compressive modulus when increasing the galinstan
concentration to 10GaInSn for 10Fe−FM1 and 20Fe−FM1.
Increasing the concentration further to 30GaInSn decreased
the compressive modulus, so that it was similar to the neat iron
composites for 10Fe−FM1 and 20Fe−FM1. For 30Fe−FM1,
there was also an increase in compressive modulus upon
increasing the galinstan concentration to 10GaInSn but
increasing to 30GaInSn had no further impact on the
compressive modulus. In the case of the FM2 iron composites,
increasing the galinstan concentration increased the compres-
sive modulus. For 10Fe−FM2, there was a 13.2× decrease in
compressive modulus with the addition of 10GaInSn that
returned to a compressive modulus slightly higher than neat
10Fe when the galinstan concentration was increased to
30GaInSn. For 30Fe−FM2, there was a minimal impact on the
compressive modulus when increasing the galinstan concen-
tration to 10GaInSn, unlike FM1, but a 2.2× larger
compressive modulus than that of neat 30Fe−FM2 with
30GaInSn.
Results from Figure 5b demonstrate that, like BTO

dispersions, the relationship between iron concentration,
galinstan concentration, and compressive modulus is complex.
While the compressive behavior of BTO and iron may have
some similar root causes, differences are observed between
FM1 and FM2 for iron specifically. When compressing a
galinstan and PDMS composite, it is expected that galinstan
will yield first, as the compressive modulus of galinstan (a
liquid) is expected to be lower than the compressive modulus
of PDMS (500 kN/m2). For Fe−FM1 composites, liquid metal
droplets form an interface between PDMS and iron due to
aggregation. When the composite is compressed, the galinstan
will deform first, but due to the close packing induced by
aggregation the galinstan deformation is impeded, resulting in
an increase in compressive modulus. As galinstan concen-
tration further increases, however, the packing of galinstan
becomes less dependent on the iron interface, and the
galinstan deforms more readily. As the iron concentration

increases, the overall filler concentration reaches the packing
threshold, and this extra relaxation is impeded. For FM2, there
is no induced close packing of the galinstan droplets due to
aggregation, and the liquid metal can deform as discrete
droplets, causing a drop in compressive modulus. Similarly, as
the concentration of the overall filler increases, the
compression of the liquid metal is once again restricted, and
the compressive modulus increases.
Compared to the other kinds of mechanical deformation

discussed in this work, the relationship between compressive
behavior and composite formulation is highly complex. A
greater complexity in compression rather than tension or shear
has been previously seen in the literature with other composite
systems.44−46 One potential reason for the complexity that is
shown by the galinstan multimaterial composites is that under
compressive deformation the load is directly applied to the
fillers, while for torsional and tensile deformation that force is
largely experienced by the PDMS.

3.5. Electrical CharacterizationRelative Permittivity
and Phase Angle. The relative permittivity and phase angle
of the multimaterial composites determine their effectiveness
for dielectric material applications. Specifically, the higher the
relative permittivity, the better the expected dielectric
performance, and the phase angle describes the extent to
which the dielectric can form an ideal capacitor. Previous work,
utilized in this section to further understand the electrical
behavior of these multimaterial composites, has extensively
studied a microcapacitor model in dielectric composite
materials, where the composite is evaluated as a network of
microcapacitors that are randomly distributed in the host
matrix.47−51 The larger the area of the electrode “plate”
(galinstan droplets in the BTO−GaInSn composites and
galinstan and iron particles in the Fe−GaInSn composites), the
higher the bulk capacitance, that is, the more microcapacitors
the better the electrical performance. In addition to the overall
composite dielectric behavior, there is also an observed
frequency dependence for the electrical behavior of the
iron−galinstan composites, while frequency independence is
observed for the barium titanate−galinstan composites. This
difference in observed electrical behavior based on composi-

Figure 6. Frequency-dependent (a) relative permittivity and (b) phase angle at varying concentrations of barium titanate with 0, 10, and 30 vol %
of galinstan. The same legend is used for both (a,b).
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tion is not unique to these multimaterial composites. Previous
work has found that neat iron composites exhibit frequency
dependent behavior,49 while neat barium titanate composites
are generally frequency independent.52

The relative permittivity and phase angle of the barium
titanate composites with galinstan concentrations of 0, 10, and
30 vol % are shown in Figure 6. The relative permittivity of the
barium titanate composites increases with the increasing
barium titanate concentration, as has been seen in other
published works of barium titanate dispersions.9,10 Increasing
the galinstan concentration also increases permittivity, as
expected.26 The increase in relative permittivity due to the
addition of galinstan is dependent on the barium titanate
concentration. For example, at 10BTO, increasing from
0GaInSn to 10GaInSn and 30GaInSn increases the permittivity
by 1.1× and 1.8×, respectively. At 30BTO, this increase is
instead 1.3× and 1× (negligible increase). This suggests that
the relative permittivity of the composite is dominated by the
presence of barium titanate rather than the galinstan. Barium
titanate has a high permittivity, and so, it is likely that the BTO
permittivity overshadows the impact of the microcapacitors
formed with the galinstan particularly at high BTO

concentrations. The phase angles for the barium titanate
composites with 0GaInSn and 30GaInSn are approximately
−90°. The phase angle for composites with 10GaInSn had a
greater frequency dependence than 0GaInSn or 30GaInSn but
remain close to −90°. This suggests that the barium titanate
and galinstan composites can form a good dielectric where the
addition of galinstan does not increase lossy behavior.
The relative permittivity and phase angle of the iron

multimaterial composites with 0, 10, and 30 vol % galinstan
utilizing FM1 and FM2 are shown in Figure 7a,b, respectively.
Increasing the iron concentration for both FM1 and FM2
increases the relative permittivity and results in a phase angle
closer to zero. For 10Fe−FM1, increasing the galinstan
concentration from 0GaInSn to 10GaInSn has little impact
on the relative permittivity. This may be because galinstan
droplets coat the iron particles, which disrupts iron conductive
pathways. A larger increase in permittivity is observed from
10GaInSn to 30GaInSn as galinstan becomes the dominant
microcapacitor electrode in the composite. For 20Fe−FM1,
increasing the galinstan concentration has little effect on the
relative permittivity from 0GaInSn to 30GaInSn. However, for
30Fe−FM1, the relative permittivity decreases from 0GaInSn

Figure 7. Frequency-dependent relative permittivity and phase angle at varying concentrations of iron for fabrication (a) Method 1 and (b)
Method 2 with 0, 10, and 30 vol % of galinstan.
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to 10GaInSn to that similar to neat 20Fe−FM1. This decrease
in relative permittivity with the increasing galinstan concen-
tration may be due to aggregation of the particles acting as one
larger particle resulting in a decrease in the concentration of
composite microcapacitors.51 Upon further increasing the
galinstan concentration to 30GaInSn, the relative permittivity
increases to that similar of the neat 30Fe−FM1 composite.
For 10Fe−FM1, increasing the galinstan concentration

resulted in the phase angle moving closer to −90°. For
20Fe−FM1, increasing the galinstan concentration either had a
minimal effect or resulted in a phase angle closer to −90°. This
demonstrates that coating the iron particles with galinstan
droplets and disrupting the conductive pathways between the
iron, the behavior that is seen for FM1 as galinstan
concentration increases, results in reduced lossy behavior. As
neat galinstan composites (see Supporting Information for
10GaInSn and 30GaInSn) have a phase angle closer to −90°,
while neat iron composites have a phase angle closer to zero,
the lossy behavior of the Fe−GaInSn composites is dominated
by the galinstan, which agrees with the aggregated Fe−GaInSn
microcapacitor model proposed here. However, for 30Fe−
FM1, increasing the galinstan concentration has a minimal
effect on phase angle, suggesting that increasing the iron

concentration results in less effective disruption of the
conductive pathways by galinstan.
With respect to FM2, for 10GaInSn−FM2 and 30GaInSn−

FM2, increasing the iron concentration increases relative
permittivity. Utilizing the microcapacitor model, this suggests
that discrete particles form more microcapacitors overall and
result in an increase in relative permittivity.51 (See Supporting
Information for 10GaInSn and 30GaInSn.) For 10GaInSn−
FM2 and 30GaInSn−FM2, increasing the iron concentration
results in the phase angle moving closer to zero. This further
suggests that as the iron concentration is increased, the
disruption of the conductive pathways by the galinstan is less
effective.

4. LIQUID METAL COMPOSITE PRESSURE SENSING

To interrogate the galinstan multimaterial composites for
pressure sensing applications, the composites were subjected to
compressive loads up to 200−250 N, while simultaneously
being monitored for capacitance. The bulk of previous work in
liquid metal-based pressure sensors has focused on using
deformable electrodes for capacitive sensors or conductive
channels for resistance-based sensors.20,43,53,54 Existing work
on liquid metal composite dielectrics has demonstrated the

Figure 8. Capacitive response of the multimaterial composites under compression at varying concentrations of (a) barium titanate and for
fabrication (b) Method 1 and (c) Method 2 for iron with 0, 10, and 30 vol % of galinstan. Note that the y-axis is different for each plot.
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durability and reliability of these materials and has indicated
high sensitivity under tensile strain.25,55−58 The capacitive
response of the composites under compression is shown in
Figure 8. To determine the sensitivity of the multimaterial
composites under compression, the slope of change in
capacitance with respect to pressure in the linear regime of
the stress−strain response, described in Section 6, was
analyzed and is shown in Figure 9. Sensitivity is described as
the change in capacitance with respect to the added load (with
units of fF/Pa). As expected, increasing the loading of
conductive or capacitive filler generally increased the sensitivity
of the material to pressure. This reflects the trend seen in
Section 8 with respect to permittivity, as the material with
higher permittivity is expected to have higher sensitivity. For
BTO−GaInSn composites, the sensitivity of the multimaterial
pressure sensor was largely independent of the composition of
the sensor. This is seen with 20BTO as compared to 10G-
10BTO, which have roughly the same sensitivity (0.13 fF/Pa),
and 30 BTO as compared to 10G-20BTO, which also have
roughly the same sensitivity (0.39 and 0.44 fF/Pa). Comparing
the electrical and mechanical properties of these composites,
each pair has similar permittivity values but not reliably the
same compressive modulus. 20BTO and 10G-10BTO both
have a compressive modulus of around 1000 kN/m2 (964 and
1013 kN/m2, respectively), while 30BTO has a modulus of
916 kN/m2 and 10G-20BTO has a modulus of 809 kN/m2.
This suggests that for these low loss composites, the
permittivity of the material is the dominant factor in the
composite performance as a pressure sensor.
The fundamental trend of increasing the filler leading to

increased sensitivity is also reflected in the Fe−GaInSn
composites with the exception of 30Fe−FM1. When keeping
the concentration of galinstan constant, increasing the iron
loading consistently increased the material sensitivity (for both
FM1 and FM2). For 30Fe−FM1, adding 10GaInSn to 30Fe
reduced the sensitivity from 5.9 to 2.2 fF/Pa. Additional
galinstan (30Fe 30GaInSn) had little effect on sensitivity. This
trend was not observed for Fe−FM2, for which the addition of
10GaInSn to 30Fe showed a slight decrease in sensitivity, but a
further addition of galinstan to 30GaInSn improved sensitivity
dramatically to 13 fF/Pa. At 30Fe, neither trend is directly

mirrored in the permittivity or compressive modulus data for
the respective composites, demonstrating a more complex
electromechanical response to compression for iron compo-
sites than BTO, which is especially sensitive to aggregation of
the filler.
The multimaterial composite that had higher performance as

a sensor when investigated with respect to sensitivity and
change in permittivity with compression was the 30Fe
30GaInSn−FM2 composite. At the highest compressive strain
measured, it had about double the change in permittivity than
a previous work has measured with dielectric liquid metal
elastomer foams.59

As the pressure sensing data presented suggest, the
permittivity of a dielectric composite is one of the primary
metrics that is used to assess potential future performance.
This is based on the well-known expression for capacitance
that relates dielectric permittivity, thickness, and area. The
assumption that is made with this evaluation, as well as the
basic interpretation of the stress−strain linear regime, is that
permittivity remains constant when the material is deformed.
This can be seen in most research that uses deformable
dielectrics especially dielectric elastomeric actuators (DEAs).
However, limited work, largely focused on the acrylic VHB, has
demonstrated that dielectric permittivity can change with
deformation. The exact mechanism that causes the change is
not established, but there is clear evidence that under tensile
strain, many elastomers show a reduction in permittivity.
Kumar and Patra (2021) showed a reduction in dielectric
permittivity from 5.67 to 2.89 when VHB was subjected to a
5× biaxial stretch.60 Cohen et al. (2017) demonstrated a
reduction in the dielectric permittivity of LDPE, HDPE, PTFE,
and VHB 4910 under stretches of 2−4×.61 More work has
demonstrated that prestrain, commonly used to reduce
electromechanical instability in DEAs, also changes dielectric
permittivity. One potential explanation is that strain limits the
ability of polymer chains to polarize with respect to an applied
magnetic field as they become more constrained in movement.
There is little work focused on the effect of deformation on
filled polymer composites. Fujihara et al. (2019) demonstrated
a reduction in permittivity from roughly 6.5 to 4.25 for 10 vol
% TiO2 in silicone.62 Huang and Schadler (2017) showed a

Figure 9. Sensitivity of the multimaterial composites under compression at varying concentrations of (a) barium titanate and (b) iron with 0, 10,
and 30 vol % of galinstan.
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permittivity reduction from roughly 8 to 4.5 in carbon black-
filled rubber.63 The permittivity reduction in these composites
is ascribed to reorientation of anisotropic fillers and the
breaking of the conductive network, respectively, not directly
to a change in polarizability of the polymer.
Neither of these explanations satisfactorily explain the effect

of deformation on liquid metal multimaterial composites, as
seen in Figure 10. Neither Fe nor BTO forms conductive
chains or paths in the composite (as demonstrated by low
dielectric loss for most samples), and all fillers are assumed to
be isotropic on average. For all composites measured,
compression caused an increase in permittivity (displayed as
“linearity” in units of F/N m). This is in line with previously
published results with bulk elastomers, as while tensile
deformation causes uncoiling of polymer chains, compressive
strain is expected to have the opposite effect. For BTO−
GaInSn composites, increasing the filler concentration
generally increased the change in permittivity with the
compressive load. This change was not independent of
composite composition. 20BTO had a linearity of 5.8 × 10−3

F/N m, while 10BTO 10GaInSn had a linearity of 3.0 × 10−3

F/N m (both composites having 20% filler). Similarly, 30BTO
10GaInSn had a linearity of 2.4 × 10−2 F/N m, while 10BTO
30GaInSn had a linearity of 7.7 × 10−3 F/N m (both
composites having 40% filler). These comparisons suggest that
galinstan suppresses the effect of compression on permittivity.
The same effect is seen with Fe composites (both FM1 and

FM2) as 20Fe and 30Fe 10GaInSn show higher changes in
permittivity with load as compared to 10Fe 10GaInSn and
10Fe 30GaInSn. This may suggest that rigid fillers exert extra
stress on the encapsulating polymer, which influences polar-
izability, whereas galinstan, as a liquid, deformable filler,
mitigates some of the force exerted on the PDMS. Changes in
permittivity on the rigid fillers themselves should be negligible
with compression in the force range measured. A similar effect
is seen in dispersions of neat galinstan with slightly higher
linearity values than corresponding neat BTO composites and
slightly lower than the neat Fe composites (linearity of neat 10
vol % GaInSn was 2.3 × 10−3 F/N m). As the increase in
galinstan concentration did not consistently reduce composite

compressive modulus, it is unlikely that this effect is solely due
to a reduction in stress between the PDMS and the galinstan.
Rather, it is likely that the galinstan reduces interactions
between the rigid particles and the polymer. This is highlighted
by the comparison between Fe−FM1 and Fe−FM2
composites. For 30Fe, the addition of galinstan reduced the
change in permittivity with compression when FM1 was used.
In this case, galinstan and iron are aggregated and the
interaction between PDMS and iron is mitigated by the
galinstan. For FM2, galinstan and iron are discrete and the
addition of galinstan increases the change in permittivity with
compression due to an additive effect of the two fillers.
Increases in change in permittivity with compression were seen
for 10Fe as well, but the differences were minimal as the
linearity is also comparatively small.

5. CONCLUSIONS

In the work presented here, multimaterial composites of
galinstan and iron or barium titanate were rigorously evaluated
with respect to morphology, mechanical properties, dielectric
behavior, and performance as for pressure sensor applications.
This work highlights the novelty of utilizing discrete materials
to form multimaterial composites that achieve a balance
between superior electrical performance and low modulus for
pressure sensing applications by balancing and tuning the
desirable mechanical and electrical properties. With respect to
barium titanate, it was found that GaInSn−BTO composites
demonstrated unique mechanical behavior than what would be
expected from either filler. Specifically, galinstan’s impact on
composite modulus and viscosity is different from that
expected of a liquid filler (strictly decreasing modulus/
viscosity), a rigid filler (significant increase in modulus/
viscosity), or an increase in modulus (at sufficiently high
concentration). Galinstan did not increase lossy behavior in
BTO composites and added to material sensitivity comparably
to the ceramic material despite the permittivity being
dominated by BTO. However, galinstan did improve the
linearity of the composite material as a pressure sensor, making
utilization of the composite simpler in future applications. The
GaInSn−BTO composite that achieved the desired balance

Figure 10. Permittivity dependence on compression, termed “linearity”, of the multimaterial composites at varying concentrations of (a) barium
titanate and (b) iron with 0, 10, and 30 vol % of galinstan.
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between a soft material and high permittivity was the 30BTO
10GaInSn composite, as it had one of the highest permittivity
and a relatively low modulus with a high sensitivity when used
as a pressure sensor. Iron composites were considerably more
complex than BTO due to aggregation of galinstan droplets
around the iron particles. By analyzing the results of two
different fabrication processes, one where the materials are
added simultaneously (FM1) and mixed for 2 h and another
where the iron is added in the last 10 min of galinstan mixing
(FM2), the effect of galinstan−iron adhesion and aggregation
was evaluated. For FM1, at low bulk concentrations of the
filler, galinstan was able to act as a lubricant or improve stress
transfer between the PDMS and the iron, although the iron
appeared to impede the full deformation of galinstan and
jamming eventually resulted in higher modulus values
regardless. Iron composites made using FM2 demonstrated
mechanical deformation closer to what was expected from a
blend of the two fillers separately. The microcapacitor model
was used to effectively understand both sets of composites,
particularly, as FM1 composites showed a reduction in the
available capacitor electrode due to aggregation. Pressure
sensing showed a high degree of dependence on particle
aggregation within the composite and a stronger dependence
on the rigid filler than galinstan with respect to material
linearity. The GaInSn−Fe composite that achieved the highest
permittivity and highest sensitivity when used as a pressure
sensor was the 30Fe 30GaInSn−FM2 composite; however, it
had a much larger modulus than all the other composites.
Therefore, the most desired balance for these composites
between low modulus and high permittivity for the GaInSn−
Fe composites was the 30Fe 30GaInSn−FM1 composite. The
improved modulus, permittivity, phase angle behavior,
sensitivity, and linearity of composites when using combina-
tions of galinstan and rigid fillers, which are highly dependent
on formulation (relative concentrations), suggest that sensing
materials with precisely calibrated material properties are
highly achievable. By realizing these materials, the current state
of the art of inherently stretchable, robust, and highly
responsive sensors, circuits, and electronics will be improved
and developed for robotics, wearable systems, and other
human-facing devices.
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